We previously showed that the simian immunodeficiency virus SIVmac239 is susceptible to human immunodeficiency virus (HIV) integrase (IN) strand transfer inhibitors (INSTIs) and that the same IN drug resistance mutations result in similar phenotypes in both viruses. Now we wished to determine whether tissue culture drug selection studies with SIV would yield the same resistance mutations as in HIV. Tissue culture selection experiments were performed using rhesus macaque peripheral blood mononuclear cells (PBMCs) infected with SIVmac239 viruses in the presence of increasing concentrations of dolutegravir (DTG), elvitegravir (EVG), and raltegravir (RAL). We now show that 22 weeks of selection pressure with DTG yielded a mutation at position R263K in SIV, similar to what has been observed in HIV, and that selections with EVG led to emergence of the E92Q substitution, which is a primary INSTI resistance mutation in HIV associated with EVG treatment failure. To study this at a biochemical level, purified recombinant SIVmac239 wild-type (WT) and E92Q, T97A, G118R, Y143R, Q148R, N155H, R263K, E92Q T97A, E92Q Y143R, R263K H51Y, and G140S Q148R recombinant substitution-containing IN enzymes were produced, and each of the characteristics strand transfer, 3=-processing activity, and INSTI inhibitory constants was assessed in cell-free assays. The results show that the G118R and G140S Q148R substitutions decreased K m = and V max =/K m = for strand transfer compared to those of the WT. RAL and EVG showed reduced activity against both viruses and against enzymes containing Q148R, E92Q Y143R, and G140S Q148R. Both viruses and enzymes containing Q148R and G140S Q148R showed moderate levels of resistance against DTG. This study further confirms that the same mutations associated with drug resistance in HIV display similar profiles in SIV.
T he limitations of current highly active antiretroviral therapy (HAART) include the incidence of drug resistance observed in patients, issues of drug adherence, and numbers of newly acquired infections. The emergence of drug-resistant viruses can lead to increases in viral load and treatment failure, and such viruses can be transmitted to both healthy individuals as well as to untreated HIV-positive individuals, therefore threatening the long-term efficacy of HAART. New classes of drugs and an understanding of pathways to drug resistance are important if we are to curtail the emergence of drug-resistant viruses. The latest class of approved antiretroviral (ARV) drugs for treatment of HIV infection are integrase (IN) strand transfer inhibitors (INSTIs), which include raltegravir (RAL), elvitegravir (EVG), and dolutegravir (DTG).
Integration is a fundamental step in the replication cycle of retroviruses that occurs after nuclear entry and is the last step before an irreversible productive infection of the cell transpires. Integration is a multistep process that is catalyzed by the viral integrase (IN) enzyme. Retroviral integrases catalyze the insertion of proviral DNA that is generated during reverse transcription into the host chromosome. In an initial reaction, also referred to as 3= processing, dinucleotides from each 3= end of the viral DNA are cleaved, thereby exposing 3=-reactive hydroxyl ends. Then, the 3=-end processed DNA is covalently linked to the host DNA in a process referred to as strand transfer (1, 2) . INSTIs selectively inhibit the strand transfer reaction.
Animal models are an invaluable tool and can provide proofof-concept data on efficacy, safety, and dosing regimens for pharmaceutical companies, regulators, policy-makers, health care providers, and patients. Animal models have also helped shed light on HIV pathogenesis. Indeed, both simian immunodeficiency virus (SIV) and chimeric simian/human immunodeficiency virus (SHIV) infection models have been used to recapitulate key aspects of the pathogenesis of human HIV-1 infection. Macaque models of rectal and vaginal transmission of SIV and SHIV have provided data that support the use of topical gels with reverse transcriptase (RT) inhibitors such as tenofovir (TFV) and MIV150 (3) (4) (5) and integrase inhibitors such as L-870812, an analogue of RAL (6) , toward reductions of viral transmission rates. A long-acting form of a new INSTI, cabotegravir (also known as S/GSK-1265744), which is a DTG analogue, was shown to protect macaques against repeated vaginal and rectal challenges using SHIV (7, 8) . Prolonged TFV monotherapy of macaques infected with SIV or SHIV resulted in the emergence of viral mutants with the K65R substitution in RT, the same mutation that is associated with TFV treatment failure (9, 10) . In another study, macaques treated during preexposure prophylaxis with emtricitabine (FTC) or Truvada (TFV and FTC) and later infected by SIV sometimes developed the M184V substitution in RT, which is associated with resistance to FTC in HIV (11) .
Previous reports by our group and others have shown that INSTIs are capable of inhibiting SIV/simian-tropic HIV (stHIV) replication and infectivity in tissue culture (12) (13) (14) . We and others have also shown that INSTIs exhibit potent antiviral activity against SIV in tissue culture studies and in vivo with inhibitory concentrations in the nanomolar range; moreover, SIV that was mutated in IN displayed resistance profiles similar to those of HIV (12) (13) (14) .
Now we wished to determine whether HIV and SIV share similar resistance pathways under tissue culture drug selection pressure with INSTIs and in cell-free assays and to test the effects of HIV-1 IN resistance-associated mutations on SIV IN catalytic activities.
Here, we present the biochemical characterization of SIV recombinant IN proteins on the basis of a series of SIV recombinant IN enzymes that carry clinically relevant HIV-1 drug resistance substitutions. This research involved site-directed mutagenesis and the cloning of the SIVmac239 IN open reading frame into a bacterial expression vector. Overall, our findings show similarities in resistance profiles between the IN enzymes of HIV-1 and SIV with regard to EVG and DTG and provide support for the preclinical testing of novel INSTIs in nonhuman primate models in order to assist in predictions of clinical outcomes.
MATERIALS AND METHODS
Cells and reagents. The HEK293T cell line was obtained from the American Type Culture Collection (CRL-11268). TZM-bl cells were obtained from the National Institutes of Health AIDS Research and Reference Reagent Program. TZM-bl and 293T cells were cultured and propagated as described previously (15) . Whole monkey blood (obtained from Primus Bio-Ressources, Inc., Vaudreuil-Dorion, Québec, Canada) was collected from uninfected rhesus macaques (Macaca mulatta) and delivered in BD Vacutainer heparin tubes (Becton, Dickinson and Company). Rhesus macaque peripheral blood mononuclear cells (PBMCs) were isolated using Ficoll-Hypaque (GE Healthcare) and stimulated with 10 g/ml phytohemagglutinin A (Invitrogen) and 20 U/ml of human interleukin-2 (IL-2) (Roche). PBMCs were cultured as previously described (12) . Merck & Co., Inc., Gilead Sciences, Inc., and ViiV Healthcare, Ltd., kindly supplied raltegravir (RAL), elvitegravir (EVG), and dolutegravir (DTG), respectively. Bovine serum albumin (BSA) and diethylenetriaminepentaacetic acid (DTPA) were purchased from Sigma-Aldrich (St. Louis, MO). DNA-BIND 96-well plates containing N-oxysuccinimide ester groups to bind viral long terminal repeat (LTR) DNA were purchased from Corning (Lowell, MA). Delfia Eu-labeled streptavidin (SA-Eu chelate) enhancement solution was purchased from PerkinElmer (Waltham, MA).
SIV infectivity of TZM-bl cells. Noncompetitive short-time infectivity assays in TZM-bl cells were used to evaluate SIV infectivity. Singlecycle infectivity was measured through the infection of 30,000 TZM-bl cells using a constant amount (normalized against RT activity) of wildtype (WT) and mutant viruses using serial 1:3 dilutions in a 96-well plate (Corning). After 48 h, luciferase activity was measured using the luciferase assay system (Promega, Madison, WI). The results were analyzed with GraphPad Prism 5.0 software to calculate the 50% effective concentration (EC 50 ) and 95% confidence intervals (95% CI). The RT-normalized infectivity of WT virus was defined as 100%, and relative infectivity was calculated in proportion to induced levels of luciferase activity.
Selection of drug-resistant viruses. Cell culture selections were performed using WT virus. Selections were performed as previously described using rhesus macaque PBMCs (16) . Stimulation of PBMCs was facilitated with RPMI 1640 medium (Gibco/Invitrogen) supplemented with 10% heat-inactivated fetal bovine serum (FBS) (Invitrogen), 2 mM L-glutamine, 50 U of penicillin/ml, 50 g of streptomycin/ml, 5% (vol/vol) IL-2 (Roche), and 10 g of phytohemagglutinin (Invitrogen) per ml and maintained at 37°C under 5% CO 2 . Prior to infection, rhesus PBMC cultures were stimulated for 48 to 72 h. Briefly, WT viruses were serially passaged in rhesus PBMCs in the presence of increasing concentrations of DTG, EVG, and RAL for as long as 29 weeks. Potential resistance-associated mutations were identified by sequencing the IN region of pol gene viral RNA. SIV RNA extraction was performed using the QIAamp RNA minikit (Qiagen, Valencia, CA).
Cloning and mutagenesis. The pET15b vector that carries an N-terminal His tag sequence was used for cloning. The SIV integrase-coding region was amplified using 2 sets of primers (Mac_BamHI and Mac_ NdeI) (Table 1) bearing BamHI and NdeI restriction sites for the construction of pET15b. Double digestion of PCR product was carried out simultaneously using BamHI and NdeI restriction enzymes. Digested PCR products were dephosphorylated using calf intestinal alkaline phosphatase (CIP) according to the manufacturer's instructions (New England BioLabs, Inc., Whitby, ON, Canada) and then purified using the QIAquick PCR purification kit (Qiagen, Toronto, ON, Canada). Subsequently, SIVmac239 integrase (GenBank accession no. M33262) was introduced into the pET15b plasmid by ligation using T4 DNA ligase as described in the manufacturer's protocol (New England BioLabs, Inc., Whitby, ON, Canada). The F185H substitution was introduced by sitedirected mutagenesis to increase protein solubility as previously described (17) . The latter substitution has been shown to increase the solubility of recombinant integrase without changing its activity in vitro (18, 19) . The primer pairs used for site-directed mutagenesis to produce the G118R, G140S, Y143R, Q148R, N155H, and R263K mutations have been described previously (12) . The primer pairs for other desired mutations in this study (i.e., E92Q, T97A, and F185H) are described in Table 1 . Briefly, reaction mixtures were prepared with 10 ng of double-stranded DNA (dsDNA) template, 125 ng of each oligonucleotide primer, 5 l of 10 ϫ reaction buffer (Invitrogen), 3 l of QuikSolution, and 2 l of 5 mM deoxynucleoside triphosphate (dNTP) solution in a final volume of 50 l. Pfu Turbo DNA polymerase (2.5 U) was added to the reaction mixture just before the start of the denaturation cycle. Double-stranded plasmid DNA was denatured at 95°C, after which oligonucleotide primers were annealed to the plasmid at 60°C. Synthesis and extension of the new DNA strand were catalyzed by DNA polymerase at 72°C. Once the temperature cycles were completed, DpnI (10 U) was added to each amplification reaction mixture, and the mixture was incubated for 2 h at 37°C to digest methylated and hemimethylated parental DNA. 
Generation of genetically homogenous SIV.
To generate replicationcompetent homogenous SIVmac239, 12.5 g of each appropriately mutated SIVmac239 proviral DNA construct was separately transfected into 293T cells using Lipofectamine 2000 (Invitrogen) as recommended by the manufacturer. 293T cells were incubated in Opti-MEM (2% FBS) for 6 h prior to being washed with phosphate-buffered saline (PBS) (GIBCO) and further grown in fresh medium. At 48 h postwash, cell supernatants were harvested, centrifuged, passed through a 0.45-m-pore filter to remove cellular debris, and treated with Benzonase (EMD), and cell-free viral stocks were stored at Ϫ80°C. Virion-associated reverse transcriptase (RT) activity was measured as previously described (20) .
Expression and purification of recombinant SIV integrase. Escherichia coli strain XL10-Gold ultracompetent cells were used for plasmid production. All mutations were verified by DNA sequencing (Genome Québec). Plasmids encoding the integrase proteins of SIV were expressed using Escherichia coli BL21(DE3) competent cells (Stratagene, Agilent Technologies, Mississauga, ON, Canada): BF Ϫ dcm ompT hsdS(r B Ϫ m B Ϫ ) gal (DE3). Typically, bacterial cultures were grown in 1 liter Luria-Bertani (LB) broth supplemented with 100 g/ml at 37°C with shaking (225 rpm) until the culture reached an optical density at 600 nm (OD 600 ) of 0.4 to 0.6; induction of protein expression was initiated by adding isopropyl-␤-D-thiogalactopyranoside (IPTG) to a concentration of 1 mM. The culture was further incubated for 4 h at 37°C with shaking (225 rpm). Cells were harvested by centrifugation at 5,000 rpm at 4°C for 10 min, and cell pellets were immediately frozen at Ϫ80°C until required. Protein purification was carried out with cold buffers, and all chromatography steps were performed at 4°C. Frozen bacterial pellets were thawed and then resuspended into lysis buffer (50 mM Tris, 2 mM dithiothreitol [DTT], pH 7.5, supplemented with Complete EDTA-free protease inhibitor cocktail tablet with 1 tablet per 50 ml of resuspension [Roche] ) and lysed by sonication. The lysates were centrifuged (12,500 rpm for 5 min), and supernatants were kept on ice while the pellets were resuspended in resuspension buffer (50 mM HEPES, 1 M MgCl 2 , 50 M ZnCl 2 , 2 mM DTT, pH 7.0, supplemented with protease inhibitor cocktail tablet), lysed, and pelleted again by centrifugation (12,500 rpm for 5 min). Supernatants from lysis and resuspension steps were incubated with nickel-nitrilotriacetic acid (Ni-NTA) agarose beads (Qiagen) for 1 h at 4°C with mild agitation. The remainder of the purification of integrase recombinant proteins was performed as previously described (18) . His-tagged integrase protein was then eluted by a gradient of increasing imidazole concentrations (0 to 1 M) . Fractions containing purified integrase were dialyzed overnight into storage buffer (20 mM HEPES, 1 M NaCl, 1 mM EDTA, 2 mM DTT, 10% glycerol, pH 7.5). Dialyzed purified integrase proteins were aliquoted and rapidly frozen at Ϫ80°C.
Determination of protein concentrations. Protein concentrations were measured using the absorbance at 280 nm (A 280 ) and an extinction coefficient of 50,420 M Ϫ1 cm Ϫ1 , calculated using ProtParam (21), and confirmed by the Bradford protein assay. Bovine serum albumin (BSA) was used a standard.
PAGE. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was used to assess the purity and estimate the molecular weights of proteins. SDS-PAGE was performed using a 4% stacking gel (pH 6.8) and 10% resolving gel (pH 8.3) as reported by Sambrook and Russell (22) . A 30% acrylamide stock solution was prepared by mixing 29% (wt/vol) acrylamide and 1% (wt/vol) N,N=-methylene-bis-acrylamide in distilled H 2 O. Tris buffers (1.5 M at pH 8.3 and 0.5 M at pH 6.8) were prepared in distilled water, and the pH was adjusted using HCl. The acrylamide and Tris buffer solutions were stored at 4°C. Ten percent SDS (wt/vol) in distilled water was stored at room temperature, while 10% (wt/vol) ammonium persulfate was prepared in distilled water and stored at 4°C. Electrophoresis buffer was prepared with 25 mM Tris base, 250 mM glycine, and 0.1% SDS, pH 8.3. Protein samples, diluted 1:1 (vol/vol) into 2ϫ SDS gel loading buffer (1.5 M Tris-HCl, 4% SDS, 20% glycerol, 0.2 M DTT, bromophenol blue) along with unstained protein molecular weight marker (Thermo Fisher Scientific), were boiled for 5 min before loading on the gel. The gel was electrophoresed at 80 V in order for the samples to migrate through the stacking gel, and then the voltage was increased to 150 V as the dye entered the resolving gel. Proteins were visualized by staining using a solution containing 0.25% (wt/vol) Brilliant blue R (Sigma), 40% (vol/vol) methanol, and 7% (vol/vol) acetic acid, followed by destaining in a solution consisting of 10:9:1 (vol/vol/vol) methanol-distilled water-glacial acetic acid.
Expression and purification of SIV recombinant integrase proteins and calibration of enzyme activities. All of the HIV-1 resistance-associated substitutions introduced into the SIVmac239 integrase coding sequence and examined in this study are the same as those identified in drug selection studies in both SIVmac239 and HIV. Plasmids encoding SIV integrase carrying the WT sequence or an E92Q, T97A, G118R, Y143R, Q148R, N155H, R263K, E92Q T97A, E92Q Y143R, G140S Q148R, or R263K H51Y substitution were generated by site-directed mutagenesis. WT and variant enzymes were expressed with a hexahistidine tag and purified simultaneously. WT or mutated SIV recombinant proteins were TABLE 1 List of the primers and DNA substrates used for cloning, site-directed mutagenesis, strand transfer, and 3= processing
Step Primer Sequence (5=¡3=)
Site-directed mutagenesis E92Q sense 5=-GCAGAGGTAATTCCACAACAGACAGGAAGACAGAC-3= E92Q antisense 5=-GTCTGTCTTCCTGTCTGTTGTGGAATTACCTCTGC-3= T97A sense 5=-CACAAGAGACAGGAAGACAGGCAGCACTATTTCTGTTAAAA-3= T97A antisense 5=-TTTTAACAGAAATAGTGCTGCCTGTCTTCCTGTCTCTTGTG-3= F185H sense 5=-AATGGCAGTTCATTGCATGAATCATAAAAGAAGGGGAGGAATAGGG-3= F185H antisense 5=-CCCTATTCCTCCCCTTCTTTTATGATTCATGCAATGAACTGCCATT-3=
DNA substrates used for strand transfer assay Donor LTR DNA sense (primer A) 5AmMC12-ACCCTTTTAGTCAGTGTGGAAAATCTCTAGCAGT-3= Donor LTR DNA antisense (primer B) 5=-ACTGCTAGAGATTTTCCACACTGACTAAAAG-3= Target DNA sense (primer C) 5=-TGACCAAGGGCTAATTCACT-3Bio Target DNA antisense (primer D) 5=-AGTGAATTAGCCCTTGGTCA-3Bio
DNA substrates used for 3= processing
a "5AmMC12" refers to a reactive amino group attached to the 5= end of the oligonucleotides using a 12-carbon linker, and "BioTEG" refers to a modified 3= end with a biotin tag (3Bio) attached via a triethylene glycol spacer. BamHI and NdeI restriction sites are in boldface in the sequences of the Mac_NdeI and Mac_BamHI cloning primers. All primers were designed using QuikChange Primer Design software (Agilent Technologies).
expressed in and purified from E. coli BL-21(DE3) cells to greater than 90% homogeneity. Protein purification was monitored by SDS-PAGE analysis. The homogeneity of all variant proteins was deduced by denaturing electrophoretic analysis with Coomassie staining (Fig. 1 ). There was no major difference in yields between various mutant proteins.
To determine the optimal protein concentration of SIV recombinant enzymes in the strand transfer assay, we employed microtiter plates and increasing protein concentrations in the absence of drug. The WT enzyme showed maximal activity at 400 nM (Fig. 2) ; the variant enzymes also attained maximal activity at a protein concentration of 400 nM (data not shown). Therefore, subsequent experiments utilized protein concentrations of 400 nM.
DNA substrates used for in vitro assays. All oligonucleotide substrates were purchased from Integrated DNA Technologies (IDT; Coralville, IA). To prepare functional duplexes, oligonucleotides (DNA substrates for strand transfer and 3= processing in Table 1 ) were mixed in microcentrifuge tubes at a molar ratio of 1:1 of sense and antisense primers in 10 mM Tris (pH 7.8)-0.1 mM EDTA. Duplexes were annealed by heating at 95°C for 10 min and slow cooling at room temperature over a period of 4 h and were stored at Ϫ20°C until needed. "5AmMC12" refers to a reactive amino group attached to the 5= end of the oligonucleotides by a 12-carbon linker. "BioTEG" refers to a modified 3= end with a biotin tag attached via a triethylene glycol spacer. The BamHI and NdeI restriction sites are shown in boldface in the sequences of the Mac_NdeI and Mac_BamHI cloning primers in Table 1 . All primers were designed using QuikChange Primer Design software (Agilent Technologies).
Strand transfer activity assay. The strand transfer assay used in our laboratory has been described previously (15, 23, 24) . Strand transfer assays with WT and variant enzymes were carried out using DNA-BIND 96-well plates (Corning). The preprocessed LTR oligonucleotide duplexes A/B (primers A and B in Table 1 ) were diluted to 80 nM in phosphatebuffered saline (PBS [pH 7.4]) (Bioshop) and were covalently linked to Costar DNA-BIND 96-well plates by incubation at 4°C overnight. The following day, plates were blocked in blocking buffer (20 mM Tris, pH 7.5, 150 mM NaCl, 0.5% BSA) for a minimum of 2 h. Before use, the plates were washed twice with each of 1 ϫ PBS (pH 7.4) and assay buffer consisting of 50 mM morpholinepropanesulfonic acid (MOPS [pH 6.8]), 50 g/ml BSA, 0.15% 3-[(3-cholamidopropyl)-dimethyl-ammonio]-1-propanesulfonate (CHAPS), 50 mM NaCl, and 30 mM MnCl 2 . Purified SIV integrase proteins were diluted in assay buffer supplemented with 5 mM DTT, and 100 l of purified proteins (final concentration, 400 nM) was added followed by incubation for 30 min at 37°C. This step was followed by an additional 1 h of incubation at 37°C in the presence of biotinylated target DNA duplex C/D, and then the strand transfer reaction plates were washed three times with wash buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 0.05% [vol/vol] Tween 20, 2 mg/ml BSA). Plates were then incubated with Eu-labeled streptavidin (PerkinElmer) diluted to 0.025 g/ml in wash buffer in the presence of 50 M DTPA. The plates were then rinsed with the same wash buffer, followed by the addition of Delfia enhancement solution (PerkinElmer). The enhancement solution is used to quantify europium (Eu 3ϩ ) in dissociation-enhanced time resolved fluorescence (TRF). The low pH (Ͻ4) of the enhancement solution causes the ionization of conjugated Eu to free aqueous Eu 3ϩ . A FLUOStar Optima multilabel plate reader (BMG LabTech) in TRF mode was used to measure the TRF of Eu 3ϩ , where it was excited at 355 nm and emitted at 612 nm. The values of enzyme activity (V) in relative fluorescence units (RFU) and target DNA concentration (S) were fit by nonlinear regression using GraphPad Prism V 5.0 (GraphPad Software, San Diego, CA) to the fol- 
In this case, the pseudo-Michaelis constant (i.e., the apparent K m , or K m =) reflects the apparent affinity of the enzyme for the target DNA substrate ([S]), and the apparent maximal activity (V max =) reflects the maximum activity obtainable with the same concentration of the protein in a similar assay, regardless of the substrate concentration. To determine enzyme performance, we calculated the ratio of V max = to K m =.
3=-processing assay. The determination of the 3=-processing activity of purified recombinant integrase proteins was performed as previously described (25) . IN 3=-processing activity in the absence of INSTIs was measured using a TRF-based assay using a system similar to that described above for the strand transfer assay, except that unprocessed donor DNA instead of target DNA was used. First, 3=-biotinylated unprocessed LTR duplexes E/F (primers E and F in Table 1 ) were diluted in PBS at pH 7.4 and covalently linked at various concentrations to DNA-BIND 96-well plates under similar conditions to the strand transfer assay. Negativecontrol wells had only reaction buffer added without any LTR. To initiate the 3=-processing reaction, purified integrase recombinant proteins (400 nM) diluted in reaction buffer were added, and plates were incubated at 37°C for 2 h as described previously (25) . After the reactions were completed, three washes with 250 l wash buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 0.05% [vol/vol] Tween 20, 2 mg/ml BSA) were carried out to remove all traces of cleaved biotinylated dinucleotides and proteins. All subsequent steps of the assay were performed as described above for the strand transfer assay, except for the analysis. The maximum possible signal (3=OH max ) represented wells that contained total unprocessed LTR substrate and no protein; the observed signal (3=OH observed ) represents wells with remaining uncleaved LTR substrate. Therefore, the actual 3=-processing activity of each sample was calculated using the equation 3=OH actual ϭ 3=OH max Ϫ 3=OH observed .
The data from the 3=-processing reaction were used to calculate kinetic parameters by fitting to binding saturation curves in order to obtain kinetic parameters; this was necessary since 3= processing does not follow Michaelis-Menten kinetics (25, 26) . The calculated K d was equated to the apparent K m (K m =) in our analysis. Maximal 3=-processing activity was calculated by fitting data to binding saturation curves. Data were analyzed using GraphPad Prism 5.0, and are expressed as the mean Ϯ standard error of the mean (SEM) on the basis of three or more independent experiments performed in triplicate.
Competitive inhibition of strand transfer activity by DTG, EVG, and RAL. The susceptibility of SIV recombinant integrase proteins to INSTIs was assessed by conducting competitive inhibition assays in the presence of DTG, EVG, or RAL. Drug stock solutions were prepared at a concentration of 6 M and diluted in compound dilution buffer (assay buffer plus 10% dimethyl sulfoxide [DMSO] ) to concentrations between 0 and 1,000 nM. Competitive inhibition assays were performed in the presence of various target DNA concentrations (16, 32, 64 , and 128 nM). Briefly, preprocessed LTR (effective LTR concentration, 80 nM) was prepared as described above and used to coat DNA-BIND plates. Purified SIV integrase proteins (effective concentration, 400 nM) in assay buffer supplemented with 5 mM DTT were added to each well and incubated for 30 min at room temperature. Twenty-five microliters of diluted INSTI was added to each well followed by 25 l of appropriately diluted biotinylated target DNA duplex. This was followed by a 1 h of incubation at 37°C. Subsequent steps were performed as described above for the strand transfer assay. Inhibitory constants (K i ) were calculated by fitting data to a competitive inhibition algorithm using GraphPad Prism 5.0. Data analysis. Unless otherwise indicated, all experiments were repeated at least 3 times. Strand transfer values in the absence of drugs were arbitrarily set at 100%. Whenever relevant, statistically significant differences between data sets for two or more integrase proteins were determined using a one-sample two-tailed t test. P values that were Յ0.05 were used to indicate statistically significant differences between different results.
RESULTS

Effect of integrase substitutions on viral infectivity.
The infectivity of mutated viruses was measured relative to the wild type (WT) using the single-cycle assay in TZM-bl cells with increasing inocula of WT or E92Q, T97A, and R263K H51Y mutant viruses in the absence of INSTIs. The addition of H51Y to R263K reduced infectivity by 63% compared to that of the WT, while the T97A substitution increased viral infectivity by 223% compared to that of the WT (Fig. 3) . E92Q-mutated SIV possessed 40% diminished infectivity. This agrees with data that have been obtained for HIV-1 (27) .
Detection of IN substitutions in the presence of increasing pressure of INSTIs. The dose escalation patterns of DTG, EVG, and RAL are shown in Fig. 4 . INSTI concentrations were increased in a stepwise manner. In the in vitro passage experiments, each passage began in the presence of 10 nM drug. The concentration of DTG was increased to 100 nM at week 28 (Fig. 4) , while the concentration of RAL was increased to 100 nM at week 26. In contrast, (R263K H51Y) was assessed by quantifying luciferase activity at 48 h postinfection in TZM-bl cells. Infectivity of WT and mutant viruses is represented by means Ϯ SEM for each of three independent TZM-bl infectivity assays normalized against WT signal, which was arbitrarily set at 100%. Asterisks indicate statistically significant differences. Statistical significance was calculated for individual pairs of data using a one sample two-tailed t test with a statistical cutoff of P Յ 0.05. the concentration of EVG was increased to 50 nM at week 27, which remains lower than those of DTG and RAL (Fig. 4) . Indeed, viruses treated with DTG and RAL were not able to replicate at concentrations of these drugs above 100 nM, while the concentration of EVG above which replication ceased was 50 nM (Table 2) .
In vitro passage experiments were performed in rhesus PBMCs under selection pressure with DTG, EVG, or RAL using WT SIVmac239 virus. Viral RNA was extracted from cell culture fluids and sequenced for any changes in the integrase coding region ( Table 2 ). In the presence of DTG, the R263K substitution was observed at week 21. The R263K mutation has been previously characterized as a resistance substitution against DTG in HIV-1 (15, 23) . Viruses harboring A54A/V, A265A/G, and V277V/M were identified at week 21 during serial passage experiments with EVG, and the E92Q substitution was detected at week 29. Viruses under RAL selective pressure did not select for any substitutions. E92Q is the most frequent substitution in HIV-1-infected individuals treated with EVG (28-30) and confers high levels of resistance against this compound (31) .
Impact of IN mutations on 3=-processing activity. To address whether the above-described mutational impact on viral replication fitness and antiviral susceptibility could be attributed to enzymatic function, we analyzed the biochemical properties of the WT and variant recombinant IN enzymes in time-resolved fluorescence cell-free 3=-processing and strand transfer assays performed in microtiter plates in the absence of INSTIs.
First, we used the 3=-processing assay to investigate whether there were differences in apparent LTR binding (K m =) and/or 3=-processing activities of the different enzymes in the presence of increasing concentrations of unprocessed LTR DNA. Integrase enzymes containing the T97A, Y143R, G140S Q148R, and R263K H51Y substitutions displayed similar K m =s to those of the WT for donor LTR DNA (Fig. 5A) . In contrast, the G118R, N155H, R263K, E92Q T97A, and E92Q Y143R substitutions resulted in decreased K m =s compared to those of the WT, with the activity of the E92Q T97A mutant being the only activity that was significantly different (Fig. 5A) . With regard to 3=-processing activity, all of the variants possessed activities comparable to those of the WT, with the exception of the E92Q, Y143R, and E92Q Y143R enzymes. Both the E92Q and E92Q Y143R enzymes displayed statistically higher 3=-processing activities than the WT, whereas the Y143R enzyme showed decreased activity that was not statistically different from that of the WT (Fig. 5B) . The sequential addition of G140S to Q148R was innocuous with regard to 3=-processing activity (Fig. 5B) .
Effects of single and double mutations on IN strand transfer activity. To examine strand transfer, we used preprocessed LTR DNA, thereby decoupling the strand transfer activity of integrase from its 3=-processing activity. Strand transfer experiments were performed using fixed concentrations of purified integrase proteins (400 nM) and preprocessed LTR mimic DNA (80 nM) in the presence of increasing concentrations of target DNA (0 to 300 nM): i.e., a wider range of target DNA was used for the variant enzymes that possessed higher apparent target DNA binding (K m =), therefore achieving saturating concentrations of target DNA. Calculated values for apparent strand transfer activity and target DNA K m = are summarized in Fig. 6 and Table 3 . The target DNA K m = of the vast majority of the mutated recombinant proteins was not significantly different from that of the WT ( Fig. 6 ; Table 3 ). The N155H and G140S Q148R substitutions resulted in small decreases in K m =s that were statistically significant (1.4-fold and 1.79-fold, respectively). However, the G118R substitution caused a significant decrease in K m =, ϳ5.2-fold, consistent with results previously obtained in HIV (32, 33) . The presence of single or double substitutions did not significantly impact strand transfer activity. The presence of N155H and G140S Q148R resulted in . Asterisks indicate statistically significant differences. Statistical significance was calculated for individual pairs of data using a one-sample two-tailed t test with a statistical cutoff of P Յ 0.05.
1.25-and 1.5-fold decreases in strand transfer activity, respectively. The E92Q T97A and E92Q Y143R combinations of substitutions resulted in 1.24-and 1.37-fold increases in strand transfer activity, respectively. Since in vivo enzyme activity does not differentiate between V max = (apparent V max refers to maximal velocity [i.e., strand transfer activity]) and K m = effects, enzyme performance calculations (V max =/K m =) were used to estimate the effect of substitutions in enzymes under physiological conditions, where substrates are present at limiting concentrations (24, 34) . This analysis provides a more accurate analysis of single-turnover enzymes such as integrase (26) . We observed that G118R, N155H, and G140S/Q148R caused 80%, 40%, and 60% reductions in V max =/K m =, respectively (Table 3) , while the T97A and E92Q Y143R enzymes showed increased V max =/K m =s of ϳ37% and ϳ47%, respectively, compared to the WT (Table 3) .
Activity of INSTIs against SIV IN enzymes in strand transfer activity assays. We next investigated the effects of the single or double integrase substitutions on levels of resistance to DTG, EVG, and RAL. Target saturation assays were performed in the presence of these drugs (0 to 1 M final concentration) (Fig. 7A) . The data were fitted by nonlinear regression analysis to a competitive enzyme inhibition equation using GraphPad Prism 5.0 to yield an inhibitory constant, K i , which is an indicator of how potent an inhibitor is (Table 4) . In contrast to a 50% inhibitory concentration (IC 50 ), the K i is an intrinsic property of each enzyme-inhibitor complex and is independent of the substrate concentration (35) . K i fold change (FC) was calculated by dividing the K i values obtained using the different enzyme variants by that of WT enzyme ( Fig. 7B to D ; Table 4 ). The results show that the WT SIV recombinant protein showed high susceptibility to all INSTIs tested, with K i values in the nanomolar range (1 to 2.6 nM) ( Table  4) . The competitive inhibition model showed that most of the variant enzymes remained susceptible to DTG (Table 4 ). In contrast, the Q148R and E92Q Y143R proteins displayed low levels of resistance against DTG (6.4-and 2-fold, respectively), while the G140S Q148R variant enzyme showed high-level resistance (26.6-fold). Substitutions at the E92Q, T97A, Y143R, N155H, R263K, E92Q T97A, and R263K H51Y positions did not have a significant effect on resistance to DTG (Table 4) . Both Q148R and G140S Q148R variant enzymes conferred cross-resistance against both RAL and EVG. The Q148R and G140S Q148R substitutions caused ϳ122-and ϳ254-fold resistance to EVG and ϳ120-and ϳ160-fold resistance to RAL. The E92Q, N155H, and E92Q Y143R recombinant proteins exhibited low levels of resistance against EVG (ϳ4-, 4-, and 6-fold, respectively), while the remaining variant enzymes showed susceptibility to EVG that was close to that of WT enzyme ( Table 4 ). The Y143R recombinant protein remained susceptible to DTG and EVG but conferred moderate resistance against RAL (9.4-fold). The addition of the E92Q mutation to Y143R further decreased susceptibility to RAL (ϳ51-fold DNA by variant SIV integrase proteins. Strand transfer activities were measured using an immobilized preprocessed-LTR plate-based assay. GraphPad Prism 5.0 was used to transform TRF data using Michaelis-Menten equations to obtain target DNA K m =. Asterisks indicate statistically significant differences. Statistical significance was calculated for individual pairs of data using a one-sample two-tailed t test with a statistical cutoff of P Յ 0.05. a All data represent the results from at least 3 independent experiments. Significant fold changes (FC) are indicated in boldface. *, statistically significant differences. Statistical significance was calculated for individual pairs of data using a one-sample two-tailed t test with a statistical cutoff of P Յ 0.05.
for the combination compared to 9.4-fold for Y143R alone). The G118R variant enzyme was associated with low resistance to all INSTIs tested (ϳ2-to 5.6-fold). Both E92Q and E92Q T97A conferred low levels of resistance against RAL. The R263K enzyme was susceptible to RAL and exhibited low resistance to EVG. However, the combination of H51Y and R263K slightly increased resistance to all INSTIs compared to R263K alone, although this effect was not statistically significant. The results show that DTG is more potent than EVG and RAL against all single or double mutants examined in our panel. In our study, DTG showed only limited cross-resistance against RALand/or EVG-resistant viruses. Although DTG did show reduced potency against the most resistant SIV variants harboring the G140S Q148R substitutions (ϳ26.6-fold) (Table 4) , it remained more effective against this combination than EVG and RAL, which showed ϳ250-and 160-fold-reduced potency against this variant, respectively.
DISCUSSION
Our results add to the evidence that SIV is an important preclinical tool for testing integrase strand transfer inhibitors. Previous studies have shown that SIV and HIV share similar resistance patterns against different classes of ARVs (10, 36, 37) . Additionally, tissue culture studies by our group demonstrated that SIV substitutions confer resistance against INSTIs in a similar fashion to HIV (12) . Now, we performed in vitro selection experiments with DTG, EVG, and RAL using rhesus macaque PBMCs infected with SIVmac239. We also tested the effects of relevant IN HIV drug resistance-associated substitutions on SIVmac239 IN catalytic activity using purified mutated recombinant proteins.
Over a period of 21 to 29 weeks, serial passage studies with all drugs only yielded viruses that showed relatively small increases in IC 50 s, and drug concentrations could not be substantially increased over this period. This provides testimony to the robustness of each of the drugs RAL, EVG, and DTG (Fig. 4) . Indeed, viruses treated with DTG and RAL were not able to replicate at concentrations above 100 nM, while the concentration of EVG above which replication ceased was 50 nM. However, the use of DTG selected an R263K substitution in IN that was present after 21 weeks. R263K is a nonpolymorphic mutation that also has been found in several INSTI-naive ART-experienced patients who received DTG as therapy after failing on other drugs (38) . It has also been reported as a secondary mutation after failure with RAL and EVG (30, 39) . Additionally, tissue culture selection experiments with DTG led to the emergence of R263K with both HIV subtype B and circulating recombinant form CRF_A/G viruses (15) . The R263K mutation has also been selected in vitro under EVG pressure (30) .
In our tissue culture selections, the E92Q substitution was observed in passage with EVG at week 29. E92Q is a nonpolymorphic mutation that has been selected in patients receiving either EVG (40) (41) (42) (43) (44) or RAL (39, 40, 45) and is associated with virological failure on EVG-based regimens (45) . The A54A/V, A265A/V, and V277V/M partial substitutions were selected under INSTI pressure, but only the A265 position is conserved among HIV integrases of different subtypes. Although the influence of A54A/V, A265A/V, and V277V/M on SIV viral fitness and resistance has not yet been studied, the natural positions of these residues in HIV IN are V54 and M277. While resistance mutations were detected within 29 weeks under either DTG or EVG selection pressure, no resistance mutations emerged under pressure with RAL. A direct comparison cannot be drawn between our selection studies, which were performed using rhesus PBMCs, and those performed by others who used HIV-1 in MT-2 cell lines and showed that mutations emerged rapidly under RAL pressure (31, 46) . Our selection experiments with RAL may suggest that RAL possesses a higher genetic barrier than the other INSTIs in rhesus macaques; however, a previous study revealed that SHIV-infected macaques treated with pressure from L-870812, a RAL analogue, possessed the N155H substitution after 25 days of treatment with this drug (36) . We cannot exclude that further prolonged tissue culture selection experiments with RAL may have yielded resistance. Overall, our serial passage experiments and those of others (36) confirm similarities in IN resistance patterns between HIV and SIV.
Proteins were expressed at similar levels in E. coli with no signs of aggregation or insolubility (Fig. 1) . Our findings are in agreement with previous reports that variant enzymes typically showed maximal activity at 400 nM (47, 48) . The data suggest that there were no significant differences in the oligomerization state or stability of the various proteins that were studied here.
The panel of mutations studied included 11 different single or double mutants that confer resistance to DTG, EVG, and/or RAL. Not all possible combinations were studied, as this would have been impossible. The E92Q T97A, E92Q Y143R, and G140S Q148R combinations were chosen as they are clinically relevant and confer resistance to DTG, EVG, and/or RAL in HIV-1 (40, (49) (50) (51) (52) . We have also shown the effect of introducing single or double substitutions in the IN gene of SIVmac239 on viral infectivity and IN strand transfer and 3=-processing activity. Of all of the recombinant proteins tested, enzymes containing G118R and G140S Q148R had the greatest loss of V max =/K m = relative to WT (ϳ80% and 60% for strand transfer, respectively), perhaps explaining why the viral infectivity of both G118R-and G140S Q148R-containing SIV is impaired (12) . This is in agreement with previous reports on G118R and G140S Q148R in both HIV-1 and HIV-2 (32, 33, 53, 54) . The G118R and R263K substitutions also caused decreased K m = for donor LTR DNA, while Y143R led to seemingly lower 3=-processing activity compared to WT (i.e., an impact on integrase catalytic activity). We did not observe any a All data represent the results from at least 3 independent experiments. Fold changes (FC) of Ͼ10-fold are shown in boldface. *, statistically significant differences. Statistical significance was calculated for individual pairs of data using a one-sample two-tailed t test with a statistical cutoff of P Յ 0.05.
significant effect of E92Q, T97A, or R263K H51Y on 3=-processing and strand transfer activities. It is striking that DTG, EVG, and RAL had inhibitory constants of ϳ1 to 2 nM against WT SIV recombinant protein: i.e., similar to that reported for HIV-1 subtype B integrase protein (32) . Unsurprisingly, DTG showed significant potency against singly or doubly mutated enzymes that were examined in our panel at a level similar to that observed for WT integrase. This agrees with previous observations on the robustness of this drug for most resistance substitutions (31, 55) . One exception is the G140S Q148R-containing enzyme that exhibited an ϳ26-fold decrease in susceptibility against DTG compared to the WT. The G140S Q148R combination also yielded the greatest increases in resistance against both EVG (Table 4 ; Fig. 7C ) and RAL (Table 4 ; Fig. 7D ), consistent with previous reports in HIV (31) . Q148R had a similar resistance profile to G140S Q148R with regard to all INSTIs (122.7-fold and 119.8-fold increases in K i against EVG and RAL, respectively), except that this substitution mutant displayed increased susceptibility to DTG (6.4-fold compared 26.6-fold for G140S Q148R) ( Table 4 ; Fig. 7B ). This is consistent with reports that the preexistence of Q148 ϩ Ն1 resistance substitutions, but not Q148 mutations alone, were statistically associated with lower success rates in the clinic with DTG than when this drug was used in first-line therapy (56) . The G118R variant enzyme displayed low-level resistance against all INSTIs, also in agreement with tissue culture resistance studies using TZM-bl cells (12) and with data on HIV-1 (32, 53) . The R263K substitution in integrase led to marginally higher susceptibility to RAL than the WT (0.9-fold), while the introduction of H51Y in an R263K background increased levels of resistance against RAL (Table 4) , similar to what has been observed with HIV-1 (23) . In contrast, the combination of H51Y and R263K in SIV conferred low-level resistance against both DTG and EVG in our study (1.4-fold and 1.7-fold, respectively) ( Table  4 ). The E92Q variant enzyme displayed low-level resistance against EVG, consistent with results obtained for HIV-1 (31, 57) , but the combination of E92Q and T97A did not alter this resistance profile, nor did E92Q T97A confer resistance against either RAL or EVG (Table 4 ). The HIV RAL resistance-associated substitution, Y143R, also conferred resistance to SIV against this compound but not against DTG or EVG ( Table 4 ). The combination of E92Q and Y143R has been associated with virological failure in HIV-1-infected patients on RAL (52, 58) ; our data suggest that SIV replicates this finding because the SIV integrase protein harboring the E92Q Y143R combination of substitutions displayed high-level resistance against RAL (ϳ51-fold [ Table 4 ]). The RAL N155H resistance substitution conferred cross-resistance to EVG but hypersusceptibility to DTG (Table 4) .
Of course, biological processes such as interaction with cellular cofactors and nuclear localizations, as well as cell-based integrase catalytic activities, may influence levels of resistance to INSTIs. The HIV-based chimera stHIV-1 (SCA,SVIF) , in which the HIV capsid (CA) and vif regions were replaced with corresponding regions from SIV in order to be able to infect human and macaque cell lines, shows differences in levels of replication for various INresistant viruses between human cord blood mononuclear cells (CBMCs) versus rhesus PBMCs (14) . There is no definitive evidence that integrase and CA interact directly, but CA has been shown to play a role in the nuclear import of viral DNA (59) and may therefore be important for integrase activities. Although TZM-bl cells are susceptible to HIV and SIV infections, luciferase expression is under the control of the HIV-1 LTR promoter, which may explain the lack of assay sensitivity seen in some assays.
Some caveats about using SIVmac239 as a model should be mentioned. Although sensitive to HIV nucleoside reverse transcriptase inhibitors and INSTIs, SIV has limited susceptibility to some protease inhibitors and is not as susceptible to some nonnucleoside reverse transcriptase inhibitors (12, 60, 61) . Also, integrase substitutions that have been well studied in HIV, such as E92Q, T97A, G118R, G140S, Y143R, Q148R, N155H, R263K, E92Q T97A, E92Q Y143R, G140S Q148R, and R263K H51Y, also have relevance for SIVmac239 IN, but other IN positions that are associated with HIV-1 resistance to INSTIs are not present in SIVmac239 IN: i.e., L74, T124, E138, S153, E157, and G163 (12) . The use of IN-SHIV or stHIV-1 may be more suitable for the study of some INSTIs, since coding sequences are conserved among each of HIV, IN-SHIV, and stHIV-1 (14, 62, 63) .
Collectively, our findings suggest that SIV and HIV share similar resistance pathway profiles with regard to EVG and DTG and that SIVmac239 is a useful nonhuman primate model for studies of HIV resistance to INSTIs.
